I. INTRODUCTION
Methane hydrates (MHs) are an important molecular solid that has captured a lot of research attention due to its potential as a future energy resource and for its role as a major greenhouse gas. 1 MH reservoirs are abundant on Earth and are commonly found in marine sediments such as in the Gulf of Mexico. 1 They are also believed to be major constituents of icy satellites, such as the moons of Saturn. 2 Therefore, it is of paramount interest to study their physics and chemistry at relevant pressure-temperature (P-T) environments in order to better understand their roles and implications in planetary and energy sciences.
Most clathrate hydrate phases consist of cages of water molecules, which are held in place and stabilized by van der Waals forces. 3 There are four pressure-induced primary structures of methane hydrates that have been identified and reported thus far: MH-sI, MH-sII, MH-II, and MH-III. 4, 5 X-ray diffraction (XRD) and laser Raman spectroscopy have been used to identify the crystal structure of each phase. [4] [5] [6] [7] Their derived equation of state (EoS) parameters and the unit cell parameters as a function of pressure have been calculated from X-ray and neutron diffraction. 8, 9 The general chemistry of MH has been observed using Raman spectroscopy, and the intensity and the presence of different Raman peaks in the spectra give clues to the number of cages and the number of gas molecules in each cage. 6, 10, 11 MH-I consists of two a) Author to whom correspondence should be addressed. Electronic mail: afu@jsg.utexas.edu.
phases, MH-sI and MH-sII, which are both cubic. 3, 4 Each unit cell of MH-sI has 2 different cage types: 2 small 5 12 cages and 6 medium 5 12 6 2 cages, while MH-sII has 16 small 5 12 cages and 8 large 5 12 6 4 , where, for example, 5 12 6 4 is made up of 12 pentagons and 4 hexagons. 3 At around 0.9-1.0 GPa, MH-I transforms into the hexagonal MH-II. MH-II contains 3 small 5 12 cages, 2 small 4 3 5 6 6 3 cages, and 1 large 5 12 6 8 cage. 3, 5, 12 At 1.9-2.0 GPa, MH-II then transits into MH-III, which is reported to be stable upwards of 42.0 GPa. 5, 13 MH-III is not a caged clathrate, but an orthorhombic filled ice structure. This filled ice structure is a network of water molecules bound by hydrogen bonds, similar to that of ice-Ih that creates channel-like systems surrounding gas molecules. 5 The crystal structures of MH-I and MH-III have been well established, whereas the process of identifying and naming the different phases and their respective structures has been a tumultuous road for the second main phase MH-II. [3] [4] [5] [6] [7] Loveday et al. 8 proposed that there are actually two separate MH-II structures, MH-sH which is hexagonal and MH-II which is hexagonal-like, because they found that MH-II fit to the MH-sH structure gives an absurd nearest-neighbor distance between oxygens. Loveday et al. 5 and Kumazaki et al. 10 confirmed that the MH-II and MH-sH structures are indeed the same; however, the naming and distinction of the hexagonal structure has continued to be un-unified and leads to much confusion in the field. In more recent papers, there is continued reference to the hexagonal structure as both MH-sH such as in Shu et al.
14 and MH-II such as in Huo et al. 15 This leads to a lot of confusion when simultaneously gathering information from older papers where MH-sH and MH-II were believed to be two separate structures. We propose that a single name for the secondary major phase of clathrates be used, and in this paper, we confirm its structure and denote it as hexagonal MH-II.
It is of the utmost importance to understand the full elastic constants of the single-crystal MH phases at extreme P-T, because the elasticity provides a full description of their mechanical and elastic properties such as the bulk and shear moduli, the aggregate compressional and shear velocities, and the seismic anisotropies. 12, 15 The elastic constants at high pressures also give clues into the thermodynamic stability of MH at high pressures. All three elastic constants for the cubic MH-sI phase have been reported experimentally at pressures up to 0.9 GPa through Brillouin light scattering experiments, while elastic constants of the hexagonal MH-II phase have been calculated theoretically. 12, 15 Thus far, there has yet to be any published results of experimentally resolved elastic constants for the hexagonal MH-II and orthorhombic MH-III phases, and there are no reported elastic constants for the cubic MH-I at pressures above 0.9 GPa. Therefore, it is essential to study the elasticity of the single-crystal MH phases at higher pressures in order to decipher each phase's elastic and mechanical properties.
In this paper, we have investigated the elastic, vibrational, and compressional behaviors of single-crystal MH-I, MH-II, and MH-III phases at high pressures using complimentary Raman spectroscopy, X-ray diffraction, and Brillouin Light Scattering techniques in a diamond anvil cell (DAC). Raman spectroscopy and X-ray diffraction are used to identify the phase transformations at elevated pressures as well as to investigate the cage occupancy and the chemistry. Experimentally measured Brillouin spectra are used to derive sound velocities and to evaluate elastic constants of all three phases, as well as the aggregate velocities, the bulk and shear moduli, and the compressional and shear wave anisotropies for MH-sI and MH-II. These results are used to evaluate the thermodynamics and elastic properties of single-crystal MH phases as a function of pressure and therefore their implications in terrestrial and non-terrestrial environments. These properties provide new insight into how to detect MH reservoirs and the amount of methane within them.
II. EXPERIMENTS
The MH-I single crystals in this study were produced in a DAC with a pair of diamond anvils having 750 µm culets. Following the procedure of Shimizu et al., the crystals were synthesized in the sample chamber of the DAC made of a Re gasket with an initial thickness of 250 µm that was pre-indented to a thickness of approximately 30 µm and then a 300 µm wide hole was drilled. 12 A thin sample chamber was necessary in order to ensure that the as-grown MH crystals would be touching both culets so that the wave vector of the acoustic phonons would remain parallel to the diamond cutlet faces. 12 This also helps to avoid unwanted signals from water and ice when taking Brillouin and Raman measurements. Distilled water was sealed into the sample chamber, together with a few ruby spheres as the pressure calibrant. A small amount of water was then released to create a bubble of air whose size was based on the over-estimation for synthesizing MH-sI methane clathrates with 5.75:1 mole ratio between water and CH 4 at ambient conditions resulting in a volume ratio of 1:1 ( Fig. 1(a) ). Consequently, methane gas (99.9995% purity from Air Gas) was compressed to 20 000 PSI and loaded into the sample chamber have had water and an air bubble using the Gas-Loading System at the Mineral Physics Laboratory of the University of Texas at Austin. The DAC was then tightened to ∼0.2 GPa and the mixture of CH 4 and H 2 O was allowed to stabilize over the course of several days. The first visual evidence of clathrates was observed via an optical microscope immediately after loading at 0.1 GPa and ambient temperature; small, needle-like crystals were scattered across the sample chamber. Pressure was measured and monitored using ruby as a pressure calibrant; four ruby spheres were placed in the sample chamber and pressures determined from measured fluorescence spectra were averaged for each given pressure step. Pressure uncertainties were calculated based on the standard deviations from multiple fluorescence spectra of the ruby spheres before and after the experiments at each pressure step. 16 In order to grow larger crystals, the temperature was cyclically increased to just below the melting temperature, approximately 50
• C, and then, decreased back to ambient conditions numerous times. 10 However, the process in cycling the temperature did not significantly cause the crystals to re-nucleate and grow effectively, so the pressure of the cell was cycled slowly until larger crystals formed and stabilized ( Fig. 1(b) ). The pressure was decreased by ∼0.05 GPa and allowed to stabilize for ∼15 min, then the pressure was increased back to the initial pressure. This procedure proved to be much more effective at lower pressures and was repeated until the crystals reached a formidable size. The largest crystal formed was approximately 80 µm across and 70 µm wide. The pressure was then incrementally increased in order to reach and complete each phase transition while temperature was held constant at 298 K. The phase transition to MH-II occurred at 0.93 GPa, where 2 large crystals formed ( Fig. 1(c) ). The largest crystal was 150 µm across and 75 µm wide, while the smaller crystal was approximately 60 µm across and 20 µm wide. MH-III was reached and stabilized at 2.00 GPa ( Fig. 1(d) ). The crystal shapes remained constant during and after the phase transition from MH-II to MH-III. The MH-III crystals became opaque as pressure was increased above 2.70 GPa, most likely due to forming polycrystalline. The opaqueness prevented a Brillouin signal from being seen; therefore, the procedure from Kumazki et al. 10 was followed, where the crystal was heated above the dissociation temperature, ∼453 K, in order to regrow single MH-III crystals. The sample stabilized at 2.70 GPa, and numerous smaller MH-III crystals formed. At this higher pressure cycling, the pressure was less effective than cycling the temperature, so the temperature was cycled right below the dissociation temperature in order to nucleate and grow larger crystals.
The Raman system in the Mineral Physics Laboratory was used for the identification of MH phases at high pressures. The system was equipped with a Coherent Verdi V2 laser with a 532 nm wavelength, an electron multiplying chargecoupled device (EMCCD), and a Shamrock spectrometer from Andor Technology. The laser power was limited to ∼2 mW to avoid overheating of the sample. Each Raman spectrum was collected with an exposure time of ∼20 min to ensure quality data analyses in order to identify the MH phases and to observe the changes in the chemistry. Additionally, micro-Raman spectra were taken with the Witec Alpha 300 micro-Raman confocal microscope with a 488 nm laser and 1 µm spatial resolution from the MH-II phase at 1.10 and 1.44 GPa in order to establish that the chemical composition of each given crystal was homogeneous. 17 The homogeneity was confirmed via analysis of the intensity ratios and the Full Width at Half Maximum (FWHM) of the Raman bands, which were shown to be consistent throughout the crystal.
High-pressure Brillouin measurements were conducted on the synthesized single crystal of each MH phase in the Mineral Physics Laboratory of the University of Texas at Austin. The Brillouin system was equipped with a Coherent Verdi V2 laser with a wavelength of 532 nm, an APD detector (Count-10B Photo Counting Module from Laser Components, Inc.), and a JRS six-pass tandem Fabry-Pérot interferometer. The laser beam was focused down to approximately 20 µm in diameter at the sample position. The scattered Brillouin signals were collected at a scattering angle of 46.8
• , which was calibrated using a standard silica glass, distilled water, and single crystal MgO. 18 Brillouin light scattering measurements were performed at a pressure increment of approximately 0.2 GPa for each phase over a range of azimuthal angles at each pressure. Polarization and power of the incident laser were adjusted in order to reach the maximum signal-to-noise ratio from the single crystal for each phase.
High-pressure XRD experiments were performed on a second DAC with MH phases that were prepared similarly to the conditions for the first sample described above. These experiments were conducted up to approximately 5 GPa at the 13IDD beamline of the GSECARS of the Advanced Photon Source (APS), Argonne National Laboratory (ANL). A monochromatic X-ray beam with a wavelength of 0.3344 Å was focused down to ∼3 µm in diameter (FWHM) at the sample position. Diffraction patterns of the sample were collected by a MAR CCD and then integrated using Fit2D software. During each measurement, the DAC was rotated ±10
• about the vertical axis of the cell holder to allow sampling different orientations of the single-crystal phases. Pressures and their uncertainties were calculated from the multiple measurements from ruby spheres before and after the XRD measurements using an online ruby system.
III. RESULTS

A. Raman spectroscopy results
The Raman spectra taken for MH-sI, MH-II, and MH-III phases as a function of pressure show that vibrational bands present in each spectrum correspond to the C-H stretching modes of the methane molecules in their water lattices (Fig. 2) . The number of Raman bands, the frequency shifts, and the relative intensity of the bands were determined by the structure and chemistry of the cage types in each phase. Therefore, analysis of these bands can be used to identify the phase and to provide information regarding their chemistry (the number of methane molecules present in the cages). MH-sI has two peaks, where the first peak and second peak correspond to the medium 5 12 6 2 cages and small 5 12 cages, respectively. 7, 10, 19 When the MH-sI transitioned to the hexagonal MH-II, one broad Raman band appeared which is the overlapping of the 3 types of cages: the small 5 12 , the small 4 3 5 6 6 3 , and the large 5 12 6 8 in the phase (Figs. 2 and 3) . 7, 10, 19 As pressure increased from 1.20 GPa to 1.44 GPa, the Raman band of the MH-II phase de-convolved into two separate Raman bands where the first band is the overlapping of the two small cage types and the second band is the large cages (Fig. 2) . 10 The phase transition from MH-II to MH-III results in a single band, which is the result of the phase transformation to a filled ice structure where there are no cages (Fig. 2) . 
B. X-ray diffraction results
XRD spectra were collected from MH-sI, MH-II, and MH-III phases as a function of increasing pressure up to approximately 5 GPa (Fig. 4) . Previously reported Miller indices for MH-sI and MH-II phases from Shu et al.
14 and Harai et al., 13 respectively, were used to index the d-spacings of our corresponding phases and to determine their lattice unit cell parameters. Diffraction peaks of the MH-III phase were identified based on the orthorhombic structural model from Boultif and Louer. 20 The d-spacings of the diffraction peaks and their identified Miller indices were then used to calculate the unit cell parameters and thus the volume for MH-sI and MH-II phases at each given pressure (Figs. 4 and 5). The d-spacings of the diffraction peaks, their respective Miller indices, and unit cell parameters for MH-III were calculated using the program dicvol06 (Figs. 4 and 5) . 20 The mean molecular volume was then plotted as a function of pressure, which was fitted using the 3rd Birch-Murnaghan EoS (Fig. 5) . 21 The volume of each phase has a negative (Fig. 5) . Then, the EoS parameters for each phase were used, along with estimated chemistry information from previous reports, in order to calculate more accurate densities at each pressure, which, together with Brillouin results discussed below, allowed for more accurate derivations of the elastic constants at high pressures.
C. Brillouin light scattering results
Representative spectra for each phase and acoustic velocities are shown (Fig. 6) where the peaks from the longitudinal acoustic (LA) and transverse acoustic (TA) modes were identified when present. One compressional velocity (V P ) and one shear velocity (V S ) could be reliably identified for the single-crystal MH-sI phase at each pressure. Similarly, V P and V S peaks were identified for the hexagonal phase at 0.93 GPa and 1.44 GPa, but the V S could not be distinguished for the hexagonal phase at 1.20 GPa. Wave propagation consists of three different propagation types: longitudinal or compressional and two shear waves with opposite polarizations. 22 However, in the Brillouin light scattering data, a single peak for the TA modes is present for the cubic and hexagonal phases. This is likely due to the close frequency of the two shear modes, the weak intensity of one of the peaks, or weak coupling of the incident laser to the phonon wave vector. 12 Only the V P could be identified for the orthorhombic MH-III phase at 2.00 GPa, 2.44 GPa, and 2.56 GPa due to the very low signal to noise ratio. Upon further pressure increase above 2.70 GPa, MH-III became brownish in color and neither the LA or TA modes could be detected due to the crystal being too dark for the incident laser. The peaks from the TA mode for the MH-sI phase were exceptionally strong, but as pressure increased the signal intensity decreased (Fig. 6) . The Brillouin signals from the TA mode for MH-II were much weaker compared to that in MH-sI and became undetectable in the MH-III phase. The peaks for the V P and V S velocities over a range of azimuthal angles at each pressure allowed for the angular dependence of each velocity to be observed. This angular dependence was used to calculate the elastic constants for each phase as a function of pressure using Christoffel ′ s equations in the IGOR software program (Fig. 7) . 23 The bulk and shear moduli, the bulk sound velocity (V Φ = (K/ρ) 1/2 ), and the aggregate compressional velocity (
1/2 ) and shear velocity (V S = [G/ρ] 1/2 ) were then calculated using the derived elastic constants and the EoS parameters (Fig. 8) . The representative anisotropy patterns of V P and V S of the single-crystal MH-I and MH-II phases were then calculated using the petrophysical software Unicef Careware (Fig. 9) . 24 Three elastic constants required to explain the cubic structure were derived for the cubic MH-sI: c 11 , c 12 , and, c 44 .
The adiabatic bulk modulus (K s) is the ratio of the hydrostatic stress to the volumetric strain when pressure is changed while entropy is constant, and the shear modulus (G) is the ratio of the shear stress to the shear strain. Both moduli were calculated from the derived elastic constants as a function of pressure using the Reuss-Voigt-Hill average. 25 An iterative procedure was used to further obtain the finite strain parameters for individual and aggregate elastic moduli (K s and G) as well as densities at high pressure in order to calculate more accurate stiffnesses and other resulting properties. The pressure derivatives of the elastic moduli at 298 K were obtained by fitting the moduli at high pressure using the third-order Eulerian finite-strain EoS
where (∂K S /∂P) T and (∂G/∂P) T are the pressure derivative of the K S and G at 298 K, respectively, f is the Eulerian strain, and V 0 and V are unit-cell volume at ambient pressure and high pressure, respectively. 26 The derived K S and (∂K S /∂P) T were further converted to the isotherm bulk modulus (K T ) and its pressure derivative at constant temperature (∂K T /∂P) T using the following thermodynamic relations:
where (∂K T /∂T) P is the temperature derivative of the K T at constant pressure, K T 0 is the isothermal bulk modulus at ambient conditions, α is the thermal expansion coefficient, and γ is the Grüneisen parameter. 27 The temperature derivative of the bulk modulus (∂K T /∂T) p was calculated to be 0.0137 α, of 77 × 10 −6 K −1 , the Grüneisen parameter, 28 γ, of 3.86, the calculated bulk and shear moduli, and the initially calculated elastic constants were used in iterations to calculate more accurate densities and thus elastic constants, shear and bulk moduli, and aggregate velocities for MH-sI until all parameters were self-consistent with the initial inputs (Figs. 7 and 8) . The anisotropy for MH-sI was then calculated using equations
resulting with a V P , compressional wave velocity, anisotropy or A P of 3.96% and a V S , shear wave splitting velocity, anisotropy or A S of 16.67% (Fig. 9) . MH-sI shows extremely strong anisotropies in the V P and V S velocities, whereas MH-II is almost elastically isotropic.
The five elastic constants, c 11 , c 12 , c 13 , c 33 , and c 44 , required to fully describe the elasticity of the hexagonal MH-II structure were derived using the measured V P and V S velocities as a function of the azimuthal angle at pressures between 0.93 GPa and 1.44 GPa (Figs. 6 and 7) . Similar to the aforementioned modelling procedure for MH-sI phase, a finite strain theory was used to fit the stiffness as a function of pressure and the bulk and shear moduli. The aggregate bulk, shear, and compressional wave velocities were calculated from the stiffnesses and fit linearly (Fig. 8) . c 11 and c 44 experience shifts to lower values across the phase transition from MH-sI to MH-II, and then, proceed to increase as pressure increases. c 33 increases as pressure increases at a faster rate than c 11 and even proceeds to cross c 11 . c 12 decreases as pressure increases, but at a lower rate. c 13 with a positive correlation with pressure is initially lower than c 12 but proceeds to cross c 12 . The anisotropy for MH-II was then calculated resulting with a V P anisotropy of 4.56% and a V S anisotropy of 3.57% (Fig. 9) .
There are nine elastic constants required to define the orthorhombic MH-III: c 11 , c 12 , c 13 , c 22 , c 23 , c 33 , c 44 , c 55 , and c 66 , but since the TA mode could not be detected, only c 11 and c 33 could be derived using our experimental results (Figs. 6  and 7) . 22 c 11 and c 33 are dependent solely on the V P , and therefore, could be calculated. 22 The bulk and shear moduli could not be calculated for the orthorhombic phase due to the incomplete stiffness set. c 11 and c 33 are very close together and both increase as pressure increases.
IV. DISCUSSION
A. EoS parameters and methane chemistry in MH phases
Comparison of the Raman spectroscopic results for MHsI with that of Kumazaki et al. 10 and Sum et al. 6 shows that the C-H stretching modes of our results are consistent with literature values. As pressure increases from 0.08 GPa to 0.91 GPa, the large cages ′ Raman band only experiences a slight shift, whereas the shift to higher frequencies of the small cages ′ peak is more profound. Due to the consistency of these results, the chemistry of the MH-sI used for the density calculations was 7.67 methane molecules for every 46 water molecules based on 90% occupation of the small cages and 100% occupation of the medium cages, as reported by Sum et al.
6
In MH-II, the Raman spectra show a single Raman band that de-convolves into two separate bands as pressure increases. The de-convolution of the single band is a major indicator for a phase change due to a chemistry and/or structural change. The first band at lower pressures is the overlapping of the Raman peaks from all three-cage types present in the phase. As pressure increases, a smaller band forms at a higher frequency corresponding to the large 5 12 6 8 cage form. 10 The large 5 12 10 It has been reported that once all of the small cages are filled with a single methane molecule, the larger cage may take in an additional 2 or 3 guest gas molecules. 10 Recently, Tulk et al. found that the average cage occupancy of the large cages in MH-II is approximately 3.1 at 1.9 (±0.2) GPa, which is the upper end of the pressure stability for the phase. 29 The consistency of the frequency of the band created by all the small cages at high pressures indicates that no structural change has occurred. Therefore, the de-convolution of the single Raman band at higher pressures is due to a chemistry phase change as the large cage experiences an increase in the number of the housed methane molecules. 10 This chemistry difference of the increased methane to water ratio then acts as a major indicator of a reservoirs ′ potential to produce a higher volume of methane gas. The chemistry before the phase transition used to calculate density was then estimated to be 5 methane molecules for every 34 water molecules based on Udachin et al.
11 who reported that the small cages were 80% occupied and the large cages were 100% occupied. After the chemistry change, the ratio between methane and water used for density calculations was 7 methane molecules for every 34 water molecules, because the chemistry shift indicates that there are now 2-3 methane molecules in the large cage and there is full occupation of the smaller cages.
The Raman spectra for MH-III consist of a single broad band that has a positive correlation with pressure and is consistent with results from Kumazaki et al. 10 There is a single band because of the lack of cages in this structure, and therefore, the chemistry for MH-III could not be estimated based upon the Raman spectra.
The EoS parameters of MH-sI and MH-III are consistent with the results from Loveday et al.;
8 however, our derived unit cell volume at a given pressure for MH-II was significantly lower. This discrepancy could be due to chemistry differences between this study and that of Loveday et al. 8 The structure of MH-sI of this study was confirmed to be cubic based on the consistency of the EoS and previously reported Miller Indices. 6 Despite the discrepancy for MH-II, our diffraction spectra and determination of the Miller indices and cell parameters, as well as the unique solutions for deriving elastic constants, support previous reports that the MH-II structure is indeed hexagonal. Due to the consistency of the XRD spectra for MH-III, the chemistry used to calculate the density of MH-III was 4 methane molecules for 8 water molecules reported by Loveday et al. 8 This consistency also supported the determined structure of MH-III as orthorhombic and allowed us to report Miller indices for the MH-III phase, which have not been reported before. The parameters for each phase along with each phase's estimated chemistry were then used to calculate more reliable densities, which in turn allowed for more accurate elastic constant calculations.
B. Elasticity
For MH-sI, both the c 11 and c 44 increase with pressure, which is consistent with results from Shimizu et al. 12 However, c 12 experiences a negative correlation with pressure, which is not consistent with the results of Shimizu et al. 12 The c 11 trend is parallel to that of Shimizu et al., 12 but is slightly stiffer. The c 44 trend in this study has a much steeper slope compared to that of the previous report. 12 The inconsistency between the studies is most likely due to differences in the chemistry of the clathrates. 12 The negative trend of the c 12 also results in a slight negative correlation between the bulk modulus and pressure as well as for the aggregate bulk sound velocity and pressure. It is difficult to compare the derived elasticity directly with the chemistry of methane clathrate hydrates, but it is possible to discuss the bulk modulus for different phases. The shear modulus and the aggregate compressional velocity and shear velocity have a positive correlation with pressure. After the phase transition from MH-sI to MH-II, c 44 experiences an approximate 45.9% decrease, and c 12 experiences an approximate 110.1% increase while -c 11 remains almost unaffected. The slopes of these three stiffnesses all become less steep in the hexagonal phase.
Huo et al. 15 reported the theoretical stiffness for the hexagonal phase at 0 K and ambient pressure having the stiffnesses c 11 , c 12 , c 13 , c 33 , and c 44 , as 15.9 GPa, 4.8 GPa, 5.7 GPa, 4.5 GPa, and 17.3 GPa, respectively. These results are only somewhat consistent with the results from this study. c 11 , c 44 , and c 12 experimental stiffnesses are consistent with the calculations; however, c 33 is severely overestimated and c 12 is underestimated. The theoretical results assume no temperature effect and full cage occupancy. As the Raman results of this and previous studies show, the cage occupancy changes as a function of pressure where the cages can contain 0, 1, or several guest molecules. The large deviation of the c 12 and c 33 stiffness can be attributed to the major chemistry change in the hexagonal crystal as pressure increases: there is an increase in the number of methane molecules in the large cage. Huo et al. 15 also pointed out that the temperature effects soften the stiffnesses. This discrepancy can contribute to the overestimation of the c 33 but could not explain the underestimation of c 12. These discrepancies between the experimental and theoretical results and their causes indicate the enormous role the chemistry and subsequently the occupancy of the cages has on the stiffness, especially c 12 and c 33 , of methane clathrates. There is also a large increase in both of the shear and bulk moduli as a function of pressure relative to their counterparts for MH-I. The increase in the bulk modulus of the MH-II as a function of pressure indicates that MH-II is become increasingly incompressible at higher pressures. This decrease in compressibility could be due to the increase in the number of methane molecules in the large cages or the shortening of the C-H bonds in the methane molecules as pressure increases. 12 Tulk et al. also suggest that multiple methane molecules in a single cage repulsively react due to intermolecular potentials. 29 Thus, the change in the number of methane molecule would change the interactions within the cage. The positive relationship between the bulk modulus and pressure from this study thus supports the notion of the lattice stiffening for the MH-II phase due to changes in the cage occupancies. Overall, MH-I is more compressible than MH-II. The Kumazaki et al. 10 also report that the increase in the number of guest molecules in the large cages can only occur if the smaller cages are all occupied, which then requires that there be enough methane in the surrounding environment. The elasticity can then be used as a major indicator of the chemistry, which can be an indicator of the abundance of methane gas in the MH reservoir environment and its subsequent potential as an energy source, as well as degree to which methane gas plays as a constituent on icy satellites. It would be worthwhile to closely analyze the elasticity of methane clathrates as a function of its chemistry in order to detect the amount of methane gas in a reservoir, which affects its potential as a hydrocarbon play.
As pressure increases and MH-II completes the phase transition to MH-III, c 11 experiences a dramatic increase of 36.8%, and c 33 experiences a subtler jump of 7.2%. The slope of c 11 becomes shallower but maintains a positive correlation with pressure, while the slope of c 33 gains a larger correlation with pressure. MH-III is an orthorhombic structure that requires 9 elastic constants to fully resolve its elasticity; however, the lack of V S in the Brillouin spectra prevents the other 7 stiffnesses from being calculated. c 11 and c 33 are solely dependent on the V P , whereas the other stiffnesses require information from solely V S or from both velocities. The information from the V P stiffnesses, c 11 and c 33 , indicates that the MH continues to become stiffer as pressure increases and across the phase transitions.
C. Acoustic V P and V S anisotropies
MH-sI and MH-II phases have similar V P anisotropy, 4.56% and 3.96%, respectively, but MH-sI is more anisotropic in the V S , with 16.67% anisotropy, than the MH-II V S , with 3.57% anisotropy. This may have important implications for using seismic waves to detect their potential presence and texturing. As seismic waves are directed into a medium, they will behave differently as they propagate through an anisotropic bed compared to an isotropic counterpart. 22 Anisotropic mediums cause the shear wave to split into a fast s-wave and a slow s-wave, while isotropic mediums do not cause any splitting. 22 The behavior of the seismic waves provides invaluable information regarding the anisotropy of the subsurface, allowing us to identify the phase. This is important as the phases have different potentials as hydrocarbon reservoirs, because the mole-to-mole ratio for methane to water is different within each phase. MH-II contains much more methane gas with 6 methane molecules for every 34 water molecules compared to MH-sI, which has a 8-46 methane to water ratio, and would therefore be more desirable for hydrocarbon ventures. This also has major implications for estimating the amount of MH that constitutes icy moons as it could provide information to estimate the amount of methane present and constraints on the temperaturepressure conditions of the moons. The relevance of these results is amplified due to the fact that the MH crystals are coexisting with water and/or ice, similar to realistic conditions on those of icy planetary moons. Large moons such as Titan and Ganymede have high pressures reaching upwards of ∼1000 MPa and low temperatures that are capable of housing reservoirs of MH-sI and MH-II, and MH-III. 30, 31 It has been proposed that Titan has a water cycle similar to that of Earth, where the water is actually methane and the cycle time scales are much larger. 32 The methane is proposed to be housed in methane clathrate reservoirs in the subsurface of Titan, which release methane gas slowly into the atmosphere where the gas condenses and returns to the surface. [30] [31] [32] The anisotropy of the MH allows for real estimates into how much methane gas is present and therefore the extent of this methane-cycle on Titan. Low temperatures have similar affects as pressure on methane clathrates, and can produce high-pressure phases, so moons such as Enceladus, which does permit high pressures in its subsurface, can indeed house methane clathrates due to its low temperature conditions. 33, 34 The exact temperature and pressure conditions on these satellites remain left to speculation and modeling; therefore, observations regarding the phase of the hydrates present could provide constraints on the pressure and temperature conditions. Thus, the full elastic constants and the derived velocity anisotropies may become crucial for determining the amount of methane gas present in the MH reservoirs and the pressure-temperature conditions on these icy satellites.
V. CONCLUSIONS
Single-crystal MH-sI, MH-II, and MH-III were synthesized in a DAC at room temperature in order to investigate their elastic properties at high pressures. By using visual observations, in situ Raman measurements and X-ray diffraction measurements, we observed the phase transitions from MH-sI to MH-II at 0.93 GPa and from MH-II to MH-III at 2.0 GPa and the phase's respective general chemistry, EoS, and thus, densities. The structure of MH-II was confirmed as hexagonal supporting results from Loveday et al., 5 and the Miller indices and their respective d-spacing for MH-III were calculated. The elastic constants, bulk and shear moduli, and the aggregate velocities were calculated using the estimated densities and Brillouin light scattering measurements. The elastic constants for MH-sI are not in agreement with results from Shimizu et al., 12 nor are the elastic constants for MH-II in agreement with theoretical results from Huo et al.;
15 these discrepancies were discussed and attributed to chemistry differences in the MH. The two elastic constants, c 11 and c 33 , could only be calculated from MH-III due to the lack of V S present, but demonstrate that stiffness does indeed continue to increase with increasing pressure. V P and V S anisotropies were calculated for MH-sI and MH-II and showed that MH-sI was much more anisotropic in the V S than MH-II, while MH-sI and MH-II have similar V P anisotropy. The bulk and shear moduli, as well as the aggregate velocities, were calculated for MH-sI and MH-II. These results provide -new insight into the determination of how much methane exists in MH reservoirs on Earth and on icy satellites elsewhere in the solar system and puts constraints on their environments ′ pressure and temperature conditions.
